The alteration of wall elasticity of arterial blood vessels is a powerful indicator in the prediction of cardiovascular diseases. Because of the close relationship of arterial pulse wave velocity (PWV) and arterial blood vessel elasticity different PWV measurement methods have been studied extensively in the past. In this paper, a new method of non-invasive arterial pressure pulse wave analysis is applied to estimate the PWV. A single arterial pressure pulse is decomposed into two Gaussian waves representing the forward wave and reflected wave. The original waveform was fitted nonlinearly with both decomposed waves. A surrogate of global pulse wave velocity (gPWV) was defined. In order to evaluate the feasibility of the proposed method, the arterial pulse wave was measured using pulse pressure measurement from 27 healthy volunteers of different age and gender, including smokers and non-smokers. Two applanation tonometry detection modalities are used throughout the experiment: a piezo film sensor system for the detection of the radial pulse wave, and the commercial SphygmoCor System (Atcor Medical) as reference. The calculation results from Gaussian pulse wave decomposition based on piezo film applanation tonometry at the wrist show good consistency with the analysis results of aortic pulse wave velocity (aPWV) from the reference system.
Introduction
The analysis of arterial pressure pulse contour can reveal cardiovascular activity and the arterial stiffness state. Especially the pulse wave velocity (PWV) shows a strong superiority in cardiovascular risk stratification in comparison to conventional risk factors. It is a strong and independent indicator of mortality in hypertensive patients [1] . The currently considered gold standard for non-invasive determination of arterial stiffness is the measurement of the carotid-femoral pulse wave velocity [2, 3] . Surrogates of the arterial wall stiffness are central augmentation index (AIx) and aortic systolic blood pressure (aSBP). The characteristic aortic properties are often calculated from the results of peripheral pulse wave detection via mathematical transfer functions [4] . Many other non-invasive measurement approaches, like photoplethysmography, pulse wave transit time investigations, Doppler ultrasound techniques or even magnetic resonance imaging sequences have been tested in order to get information about arterial stiffness [5] . For screening purposes of cardiovascular diseases a simple and comfortable measurement technique would be preferable.
Methods

Principle of Pulse Wave Decomposition
The pulse wave velocity is strongly influenced by the elastic characteristics of arterial walls [6, 7] . Non-invasive analysis of arterial pressure pulse contour can open a window to analyze arterial stiffness. In the vascular bed the antegrade pulse wave from the left ventricle is superposed by retrograde wave components due to wave reflections because of changes of the characteristic impedance of the vessels, i.e. changes in inertance and compliance of the vessels. Often surrogates of arterial wall stiffness are extracted from peripheral or central pulse pressure data on the basis of characteristic topological features of the pulse contour, i.e. inflection points, shoulders, and derivatives [8, 9] . Because of the poor signal-to-noise ratio of the data these wave characteristics are often lost, making the analysis difficult or even impossible. The non-invasive determination of travelling lengths of the pulse wave along the arteries, necessary for calculating the pulse wave velocity on basis of pulse transit time detection, is of enormous error.
In this study a different modelling technique is introduced. Figure 1 Schematic view of pulse wave decomposition and pulse wave reflections in the vascular bed
As illustrated in Fig. 1 , a pressure pulse wave p pulsewave (x,t) is decomposed into two Gaussian shaped waveforms, representing the mean contours of the direct forward wave and averaged ubiquitously reflected wave in the vascular bed: The decomposition is carried out on basis of nonlinear least-squares fitting between the model (Eq. 2) and the measured data.
A surrogate of global pulse wave velocity gPWV is calculated similar to the definition of the arterial stiffness index:
with ∆x: overall travel distance, ∆T: mean travelling time, c h : empirical length correction factor, h: body height.
The overall travel distance ∆x describes the spatial distance between the center of the forward pulse wave and the sum of all reflected pulse wave contributions. It is assumed to be proportional to the body height h. The correction factor c h for length scaling has to be determined empirically from an ensemble of volunteers.
The time difference ∆T between the peak positions of the forward and the resulting reflected pulse wave represents the global time delay between direct and reflected pulse wave components.
Experimental Data Collection
The pressure pulse wave was detected in a group of 27 healthy volunteers. The age varies between 18 years and 60 years, 36 % of the subjects are women, 15 % are smokers, and all subjects are without known cardiovascular diseases.
The pulse wave measurements were carried out by two different applanation tonometry systems: a flexible film piezo sensor with self-shielding transducer area in combination with an electronic amplifier (STD series, Measurement Specialities, USA), and SphygmoCor ® CVMS-CPS system (AtCor Medical, Australia) based on a diffused semiconductor wheatstone bridge senor as tonometer.
The volunteers were asked not to drink coffee at least two hours before measurement. The measurement procedure was carried out after the following preparation steps:
• The subjects have been informed about purpose and procedure of the experiment.
• ECG electrodes were affixed and the piezo film sensor was attached at the wrist using a medical strip.
• The measurement started after the subject had lain in supine position at least 5 minutes quietly.
All collected experimental data were stored in a computer for offline analysis.
Applanation Tonometry with Piezo Film Sensor
The peripheral pressure pulse wave was detected at the A. radialis using the piezo film detector system. The sensor was attached to the wrist by a medical strip (Fig. 2) . The signal was recorded over a time span longer than 30 seconds with sampling rate 100 Hz. The piezo film sensor detects the temporal derivative of the pressure pulse signal. The measured signal was integrated offline in order to receive the conventional pulse wave contour.
For preparation of the wave decomposition the contours of ten consecutive random single pulse waves were extracted from the experimental data set of the same subject and fitted nonlinearily to the linear superposition of two Gaussian shaped wave components.
The global pulse wave velocity gPWV was calculated using the Gaussian two-wave decomposition method on basis of the fitted pulse signal contour.
Pulse Wave Detection with SphygmoCor
® System
All necessary personal data for data evaluation (age, gender, systolic and diastolic blood pressure, body height) were entered into the SphygmoCor system. The spatial distance between jugular fossa and the two pressure detecting points A, B (site A: carotid artery, site B: femoral artery) was measured along the skin of the subject and entered into the system as well. Data acquisition was carried out with sequential tonometric readings at site A and site B in parallel with simultaneous ECG recordings.
The system calculates the aortic pulse wave velocity (aPWV) from the peripheral ECG and pulse wave data via a mathematical transfer function. Figure 3 demonstrates the experimental result of the piezo film applanation tonometry experiment of one volunteer (subject 1). The detected signal with the piezo film element (magenta) is shown in addition to the pressure pulse signal (blue), calculated by integration of the raw data.
Results
Figure 3
Time course of pressure pulse data detected with the piezo film sensor (magenta) and corresponding pressure pulse curve (blue)
One single pressure pulse was extracted for further signal processing. Figure 4 shows the nonlinearily fitted pressure pulse contour in comparison to the integrated measured data set of the piezo film detector system.
Figure 4
Detected data of a single pulse wave in one volunteer (blue line) and the corresponding fitted pulse contour (red dots)
On basis of the fitted pressure pulse contour the decomposition into the forward and reflected wave components, modeled by Gaussian shaped waveforms, is performed (Fig. 5 ). To compare the results of the piezo film applanation tonometry with the gold standard of non-invasive determination of arterial stiffness the carotid-femoral pulse wave velocity (aortic pulse wave velocity aPWV) was determined by the SphygmoCor ® CVMS-CPS system (Fig. 6 ).
Figure 6
Experimental results (carotid and femoral pressure pulse waves, ECG) and experimental report with central aortic pulse wave velocity aPWV of the SphygmoCor applanation tonometry experiment of the same volunteer (subject 1)
The global pulse wave velocity gPWV, calculated under stable measurement conditions mentioned above, and the central aortic pulse wave velocity aPWV are comparable within experimental errors (e.g. subject 1: gPWV = (7.32 ± 0.50) m/s, aPWV = (7.3 ± 0.5) m/s (see Fig. 6 )). From all experimental results of the group of volunteers the empirical correction factor c h for the mean path length between forward and backward wave components was calculated by comparing the PWV data calculated from the piezo film experiments and from the SphygmoCor measurements: c h = 0.88 ± 0.13 .
Figure 7
Summary of the calculated global pulse wave velocities gPWV (blue dots) and aortic pulse wave velocities aPWV (red crosses)
The scatter plot in Figure 8 illustrates the correlation between global pulse wave velocity gPWV and aortic pulse wave velocity aPWV. 
Conclusion
The calculated global pulse wave velocity gPWV at the A. radialis is comparable to the aortic pulse wave velocity aPWV, achieved from carotid-femoral pulse wave measurements within the group of 27 volunteers within experimental errors. The nonlinear data evaluation based on Gaussian-type pulse wave decomposition of the detected pressure pulse contour into a direct and a reflected pressure pulse component is a robust mathematical procedure. No characteristic features of the detected pressure pulse wave, like inflection points, shoulders or derivatives, have to be extracted. No transfer functions have to be applied.
The measurement procedure of applanation tonometry at the wrist is very comfortable to the patient. No pressure pulse data collection at the A. femoralis is necessary. Also no ECG signal has to be measured simultaneously.
The proposed method is appropriate to receive information about arterial stiffness via calculating the global pulse wave velocity in early cardiovascular diagnoses. Additional experiments with an extended group of volunteers and patients have to be carried out for evaluation.
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